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Abstract

Calculations of the electronic structure of clusters of plutonium have been
performed, within the framework of the Relativistic Discrete-Variational Method
(RDV). These theoretical results and those calculated earlier for related systems
have been compared to spectroscopic data produced in the experimental
investigations of bulk systems, including X-Ray Absorption Spectroscopy (XAS),
Photoelectron Spectroscopy (PES) and Bremstrahlung Isochromat Spectroscopy
(BIS). Observation of the changes in the Pu electronic structure as a function of size

suggests interesting implications for bulk Pu electronic structure.

PAC Numbers: 71.10.-w, 71.20.Gj, 71.27.+a, 71.28.+d
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L Introduction

The development of electronic structure in solid systems as a function of size
has long been a subject of great interest and extensive scientific investigation.
Experimentally, the transition from nanoscale or mesoscopic to bulk behavior in
metal clusters was reported in 1981 by Mason and co-workers. [1] Similarly, the
evolution from two-dimensional to three-dimensional band structure in metal
overlayers [2] and the manifestation of nanoscale effects in compound
semiconductor [3] have also observed. In the area of actinide materials, the
progress has been slowed by the limitations imposed by the highly radioactive,
chemically toxic and pyrolytic nature of these materials. [4] Havela and Gouder and
colleagues performed investigations upon Plutonium (Pu) ultra-thin films deposited
in situ by means of a discharge-plasma [5] and Trelenberg and coworkers
developed an approach using laser ablation of Uranium (U). [6,7] Gas phase studies
of actinides have also been pursued including atoms, [8] molecules [9] and reactions.
[10] Recent theoretical studies include UO; molecules, [11, 12] solid actinide oxides,
[13, 14] and actinide carbide clusters. [15]

Here, we report the result of calculation of the electronic structure of clusters
of Pu (Figure 1) and their comparison to bulk spectroscopic results. While the
variation of the electronic structure of the Pu clusters as a function of size is in and
of itself of great scientific interest, two other considerations raise the value of this
study. First, it has become clear that actinide colloids are an important mechanism
for the transport on nuclear contaminants in environmental systems [16-18] and it

seems likely that predicting the behavior of mesoscopic colloids will require an
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understanding of the size dependence of their electronic and physical structures.
Second, from a consideration of size dependence of these calculations, important
conclusions concerning the bulk electronic structure can be inferred. In particular,
it will be seen that the contention that the number of 5f electrons in Pu is near 5 is
confirmed. [19]
IL Computational and Experimental Methods

The cluster calculations were performed using the Relativistic Discrete-
Variational (RDV) Method. [14, 20, 21] In the bulk limit, a finite fragment of the
crystal lattice can be used as a model for the description of some properties of
infinite crystal, using the original scheme of “Extended Cluster” boundary
conditions. [22] These calculations include a fully relativistic description of the
electronic structure basing on the four component Dirac-Slater equation, following
the original code of the fully Relativistic Discrete Variational Method (RDV). [23]
Underpinning these calculations, there is a geometry optimization of diatomic
molecules using scalar relativistic DMol3 and relativistic (inside the spheres)
FPLAPW methods. (FPLAPW = fully polarized augmented plane wave.) [24, 25] The
results of the cluster calculations will be compared to experimental spectroscopic
data from techniques such as X-Ray Absorption Spectroscopy (XAS), Photoelectron
Spectroscopy (PES) and Inverse Photoelectron Spectroscopy (IPES), also known as
Bremstrahlung Isochromat Spectroscopy (BIS) at high energies, from the
corresponding bulk samples. [4, 19, 26-28] The synchrotron-radiation-based PES
and XAS measurements were performed mainly at the Advanced Light Source, as

described elsewhere. [4, 19, 26, 28] The X-ray PES (XPS) and IPES/BIS
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measurements were carried out at LLNL using a spectrometer dedicated to
radioactive samples [29], as discussed in References 27 and 28.
III. Confirmation of Comparison Method using U and Pu Oxides

Before going on to a consideration of the new Pu cluster results, it is of some
utility to briefly consider the comparison of earlier cluster calculations using this
approach [14] and spectroscopic data from the corresponding bulk systems, [4, 19,
26, 28, 29] shown in Figures 2 and 3. The Uranium Dioxide case is illustrated in
Figure 2. The lower half of the figure includes partial and total density of states
calculations for the 7p, 7s, 6d and 5f states of Uranium and the 2p states of Oxygen,
from the central part of a Us30216 cluster. The only manipulation of the
experimental spectra was to align the centroid of the leading edge of each spectrum
with the energy zero in the calculations. In other words, the centroid of the leading
edge is treated as if it were a Fermi Edge. The level of agreement here is very strong.
On the Occupied Density of States (ODOS) side, the experimental U5f and O2p peaks,
from X-ray Photoelectron Spectroscopy (XPS), match quite closely with their
theoretical ODOS counterparts. On the Unoccupied Density of States (UDOS) side,
both the X-ray Absorption Spectroscopy (XAS) and Bremstrahlung Isochromat
Spectroscopy (BIS) features match up with the appropriate theoretical 02p, U5f, and
U6d counterparts. The Plutonium Dioxide comparison is plotted in Figure 3. Here,
the theoretical Occupied Density of States (ODOS) is shown for the 6p1,2, 6p3,2, 51,
6d, 7s and 7p of Pu and the 2p and 2s of Oxygen, for the central part of the Pus30216
cluster. The experimental synchrotron radiation photoelectron spectrum is from a

slightly oxidized Pu sample, taken at the Cooper Minimum using a photon energy of
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225 eV. By working at the Cooper Minimum, the non-Pu5f features are emphasized.
Again, the only manipulation is to align the Fermi Edge of the PES spectrum with the
energy zero of the calculations. The result is again very good agreement, including
the placement of the Pu6p1,2, 02s, Pubps,2, 02p and Pu5f peaks. Having confirmed
the validity of this approach, the discussion will again return to the issue of Pu
clusters.
IV. Pu Clusters
IVa. Electronic structure calculations for Puig

Underlying the Pu cluster simulations is the calculation of the electronic
structure of a Puz dimer with the bond length 3.28 A, corresponding to the
interatomic distances in §-Pu. [20,30] In the crystal lattice of fcc §-Pu, each metal
site has twelve nearest neighbors and it is evident that the structure of chemical
bonding for such a coordination differs essentially from that for a simple linear
molecule. As a first step of investigation of chemical bonding and the role of 5f
electrons in 6-Pu, we consider the simple cluster model of this crystal consisting of
only nineteen plutonium atoms. The structure of this cluster is illustrated in Figure
1. The electronic structure of the Puig cluster was calculated using the RDV method
with local exchange-correlation potential [31]. For the modeling of boundary
conditions we used an “extended cluster” scheme described in details in Refs.
[32,33]. In this model, the crystal fragment under study consists of two parts: the
internal main part (or the “core” of the cluster) and the outer part (or the “shell”).
The outer part usually includes the atoms from 1 to 5 coordination spheres

surrounding the “core”. During the self-consistency procedure, the electron
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densities and the potential of the atoms in the “shell” are replaced by the
corresponding values obtained for the crystallographically equivalent centers of the
cluster “core.” To introduce the long-range component of the surrounding-crystal
potential, the extended cluster is embedded into a pseudopotential formed by the
outer crystal lattice, which includes a few thousands of centers. Coulomb and
exchange-correlation potentials of these pseudo-centers are also substituted by the
corresponding values obtained for the equivalent atoms in the internal part of the
cluster [34].

Since in the present calculations we are interested in the interaction of the
central atom with its nearest neighbors, the “core” of Puyg cluster includes only one
atom in the center of cluster (labeled below as Pul). Twelve plutonium sites of the
next coordination sphere (Pu2) and six next nearest neighbors (Pu3) form the “shell”
and, during self-consistency, their electron densities and potentials were kept
equivalent to those of Pul. The extended bases of the 4-component numerical
atomic orbitals also included 7p1,2 and 7pz,2 functions. To ensure the convergence
of valence molecular orbital (MO) energies within 0.1 eV, numerical Diophantine
integration in matrix elements calculations was carried out for a set of 102000
points.

The total and partial densities of states obtained for the central Pul atom in
Pui9 cluster are shown in Figure 4. Since the partial DOS for 7p1/2 and 7p3/2; 6d3,2
and 6ds,2; 5fs/2 and 5f7,2 are close to each other, the sums of DOS for these MOs are
presented in the figure. A consideration of the DOS in Figure 4 shows that these are

not discrete molecular levels [20, 30] but rather real energy bands of various widths.
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For example, 76 MO levels of 6p3,2 type in Puis form an energy band with a width of
about 2.5 eV. However, the spin-orbital splitting of 6p1,2 and 6pz,2 states is about
10 eV: for Puyo this value was obtained for the centers of gravity of Puép1,2 and
6p3,2 bands. Another important feature concerns the 6d band. As distinct from a
molecule [20,30], many states of this type turn out to be occupied in the Pui9 cluster.
(Figure 4) The electronic structure transformation, when going from a molecule to
the cluster, is accompanied by a considerable (nearly three times) increase of the
width of vacant electronic states. Particularly, the highest 7p levels have the energy
close to 14 eV. There is no energy gap in the Puyo cluster, i.e. the energy difference
of Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) is less than 0.01 eV. The HOMO in Pui9 contains 52% of 5f Atomic
Orbitals (AOs) of the PuZ2 sites and 13% of the Pu3 5f states with admixtures of Pu2
6d (19%) and Pu3 6d (8%). There are no noticeable contributions to HOMO from
any states of central Pul atom. On the contrary, the LUMO contains 17% of Pul 5f
AOs, though the main contributions are also belong to Pu2 5f (32%) and Pu3 5f
(23%) states.
IVb. Electronic structure of Pu79 cluster with fcc crystal-lattice boundary
conditions

The next step is to investigate the influence of crystal boundaries on the
electron density redistribution shall be the consideration of the greater size Pu7g
clusters. The previously studied simplest cluster model of 6-Pu contained only
nineteen atoms, i.e. the central atom and the nearest and next nearest neighbors

(Figure 1). Now, this Pul9 cluster can serve as a “core” of the new fragment
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containing 79 atoms, i.e. the Puy9 cluster (Figure 1). However, in this case, there are
no any restrictions with respect to the electronic characteristic of Pu2 and Pu3
centers during calculations. All three types of atoms in the “core” are considered
simply as nonequivalent atoms in a molecule. The “shell” around the cluster “core” is
formed by the atoms of the three next coordination spheres (24Pu4, 12Pu5, and
24Pub6) providing the complete set of nearest neighbors for the atoms of a “core”.
During self-consistency, the electron densities and potentials of Pu4, Pu5, and Pu6
were kept equivalent to those of Pul. To ensure the convergence of valence MO
energies within 0.1 eV, numerical Diophantine integration in matrix elements
calculations was carried out for 354000 sample points.

The total and partial densities of states (DOS) obtained for the central Pul
atoms in the Pui9 and Puyo clusters are shown in Figures 4 and 5, respectively.
Since the partial DOS for 7p1,2 and 7ps,2; 6d3,2 and 6ds,2; 55,2 and 5f7,2 are close to
each other, the sums of the DOS for these MOs are presented in the figure. The
comparison of results obtained for Pui9 and Pu79 shows that the positions and
widths of the internal 6p1,2 and 6p3,2 bands are close in both cases, but the shapes
of the bands are noticeably different. The line shape of external 6d states also
transforms significantly. Also, the left edge of this band shifts towards the lower
energy (towards the higher binding energy), so that the energy difference between
these edges in Puy9 and Puyo clusters is 0.8 eV. At the same time, the upper edges of
6d bands in both cases lie at the same energy, ~ 11 eV above the Fermi level
(usually taken as zero of the energy scale). On the other hand, the positions and

widths of the 5f bands are close in both clusters. The only difference is found for
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their line shape. In both clusters, the occupied part of valence band is formed by the
hybridized 5f - 6d orbitals, but the states at the bottom of this band are mainly of 6d
character. The most pronounced difference is revealed for the delocalized 7s and 7p
bands. The increase of cluster size leads to the increase of 7p AO contributions to
the molecular states within the energy range between 0 and 5 eV above the Fermi
level and to the considerable shift of the upper edge of 7s (from 13.5 eV in Puig to 17
eV in Puz9) and 7p (from 14 eV in Puig to 19 eV in Puy9) bands.

Similarly to the case of Puig cluster, there is no energy gap in the Puyg cluster,
i.e. the energy difference between HOMO (the highest occupied molecular orbital)
and LUMO (the lowest unoccupied molecular orbital) is less than 0.01 eV. The
HOMO in Puy9 contains only 3% of 5f AOs of the Pul site, 5% of 5f AOs of the PuZ2,
and 4% of the Pu3 5f states with admixtures of 3% of 6d AOs of these atoms, i.e. the
main contributions to the HOMO comes from the atoms of cluster “shell”, namely,
the 5f Pu4 (29%), 5f Pu5 (7%), and 5f Pu6 (32%). In the small Pui9 cluster there are
no contributions to the HOMO from any states of central Pul atom. On the contrary,
the LUMO of the Pui9 cluster contains 17% of the Pul 5f AOs while in the LUMO of
the Puys cluster, there are no contributions from the wave functions of the central
atom. The main contributions to the LUMO of the Pu7s cluster, as well as to the
HOMO, belong to the Pu2 5f (19%) and Pu6 5f (35%) states.

Since the iteration process for the Puy cluster involves two additional types
of atoms, one can estimate the sensitivity of the different cluster regions (types of
atom) to the cluster boundary. By considering Figures 5 and 6, we can compare the

calculated DOS for the Pul and the Pu?2 sites in the Puyo cluster. As can be seen, the
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positions and widths of most of the bands are close for both atom types: even the
line shapes of 5f states are similar. Considerable transformation of the DOS is
observed for 7p orbitals. Apart from the pronounced qualitative difference in the 7p
DOS intensity within the energy range between 0 and 10 eV, the DOS for the Pul
contains noticeable negative contributions at the energies near 13 eV. This negative
DOS results from the overlap of 7p wave functions of the central Pul with orbitals of
the quite distant atoms in the crystal lattice. Such a difference in the DOS of Pul and
PuZ2 is quite reasonable since the actinide 7p orbitals are extremely delocalized and
overlap with the electron density of atoms belonging to distant coordination
spheres. The latter feature of these states makes the inclusion of 7p wave functions
to the basis quite questionable. On one hand, the extended basis set increases the
variation freedom. On the other hand, calculations can give a negative value of
occupation of this orbital, or the 7p occupation can accumulate the electron density
belonging to other atoms. For this reason, the present stage of this investigation, as
in Section IVa above for the Puys cluster, includes two types of calculations: those
with and without 7p basis functions.
IVc Comparison to Experimental Spectra

The data in Figure 7 is a series of synchrotron radiation spectra taken using a
slightly oxidized Pu sample. This Pu sample was alpha with a delta-like
reconstruction on the surface. [4, 19] By varying the photon energy, it is possible to
emphasize or de-emphasize certain features. For example, on resonance at hv = 125
eV, the Pu5f states near the Fermi energy are enhanced. At the anti-resonance with

hv =100 eV, the Pu5f are suppressed and the remnant at the Fermi Edge, including
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the Pu6d, is revealed. The spectrum at 180 eV is off-resonance, providing a picture
with intensities that reflect the more usual cross sections. [35] Utilizing the Cooper
Minimum in the Pu 5f cross section at hv = 225eV is another way to reduce the Pu5f
intensity and enhance the other features. If these spectra are compared to the
calculated Occupied Density of States (ODOS, energies below zero) in Figures 4, 5
and 6, it is clear that there is good agreement for the Pu5f, Pué6d, Pu6p1,2 and
Pu6p3,2 manifolds.
IVd State Occupations

It is useful to consider the question of state occupation as a function of size.
Table 1 contains a summary of the state occupations for the Pui9 and Puy9 clusters,
including a breakdown by sites. One aspect of these calculations is that there can be
negative occupations reflecting transfers of electronic density to other atoms. This
happens particularly with the most dispersive states, those of 7p character. The
impact of the effect is strengthened, by a type of electro-negativity: these sites are
not all equivalent and charge transfer can occur. However, it is possible to calculate
a weighted average of the occupations, multiplying each configuration’s population
by the number of atoms of that site type, summing over all sites types and then
dividing by the total number of atoms in the cluster. The result is the average
configuration, which has the reassuring result that the total number of electrons in
the valence range is eight. Of course, eight is the number of electrons that should be
on Pu, outside of the Radon-like atomic-center with 86 electrons.

Now consider the occupation of the 5f states as a function of size. For

comparison, Table 2 shows the populations for two other Pu structures, a Pu dimer
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and a Pu atom. The 5f population decreases monotonically from the atom (ns¢= 6)
to the dimer (nsf= 5.85) to the Puig cluster (nsf= 5.66) to the Puyo cluster (ns¢= 5.33).
[t is possible to plot this relationship as a function of size. However, this raises the
issue of the proper abscissa. These are three-dimensional systems, so the
convergence to bulk behavior will occur cubically. Thus, it is proposed here that the
correct abscissa should be the cube root of the number of atoms in the system. The
results of this operation are shown in Figure 8. It is significant that the four points,
for the atom, dimer and two clusters, produce a linear relationship. By fitting a least
squares line to these four points, it is possible to extrapolate to other possible
cluster sizes. However, it should be noted that in real systems, one would not expect
this linear relationship to extend indefinitely. More likely, one would observe an
asymptotic approach to limiting behavior, for example, the onset of bulk
characteristics.

Nevertheless, it is useful to consider what might be the effect of extrapolating
to larger cluster size. From the work of MG Mason et al [1] on metal clusters,
minimum cluster sizes of hundreds of atoms are required for the convergence from
mesoscopic to bulk behavior. This would imply the cube root of the number of
atoms (N) be on the scale of 5 (125 atoms), 6 (216 atoms) or 7 (343 atoms). This
picture is supported by the work on metal overlayers, where the development in
metal ultra-thin films from two-dimensionality to three-dimensionality occurs
around 5 atomic layers. [2] However, it is reasonable to expect that convergence in
two-dimensional overlayers will occur at a slightly lower thickness than the

convergence in clusters, where all three dimensionalities are evolving in parallel.
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Thus, the 5-atom layer estimate should be viewed as a lower limit. Returning to the
linear extrapolation for 3v/N = 5, 6 and 7, the following results are obtained: for 3v/N
=5, nse= 5.2; for 3VN = 6, nse= 5.0; for 3VN = 7, nse= 4.85. This is in quite good
agreement with spectroscopically derived estimates that nsf = 5, which are based
upon the data shown in Figure 9. [19] These spectroscopic based arguments are
somewhat involved and require looking across the actinides series, but in essence
reduce to two key points: the absence of a pre-peak in the Pu 5d XAS and the non-
statistical branching ratio in the PU 4d XAS, as shown in Figure 9.
V. Summary and Conclusions

Calculations of the electronic structure of Pu clusters have been performed.
Spectroscopic results from bulk samples have been compared to the Density of
States results for the Pu clusters and earlier work on the oxides of U and Pu,
confirming the validity of the approach. An evaluation of state occupations supports
the proposal that the occupation of the 5f levels in bulk Pu must be near 5.
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Tables

Table 1: Individual and average configurations of Pu atom in Pu;o and Puy clusters in 8-Pu

Cluster Pu Site Configuration

Puys cluster Pul (one central atom) 5£5486d° 227008 7p 0>

(3 types of symmetrically  Pu2 (12 neighbors of central atom) 563364 675" 7p" 2

non-equivalent sites) Pu3 (6 next neighbors of central atom) 5£716d%9774%2 97p0'16
Average configuration* 515566q" 175" 467p"1
(*Total number of valence electrons is 8.0)

Pus cluster Pul (one central atom) 5£>3164%67750307p 023

(6 types of symmetrically  Pu2 (12 neighbors of central atom) 5316478575022 7p 02

non-equivalent sites) Pu3 (6 next neighbors of central atom) 5486429575010 7p 012
Pu4 (24 atoms of the next coord. sphere)  5£>%6d**07s%#17p%!7
Pu5 (12 atoms of the next coord. sphere) 5f5'146d1'877s0'477p0'31
Pu6 (24 atoms of the next coord. sphere) st '726d140750'457p0'28
Average configuration* 51‘5'336d2'16750"~’87p0'13
(*Total number of valence electrons is 8.0)

Table 2
PuDimer 5f>856d0-587s1.407p 0.17 Ref. 20, 30

Pu Atom 5f66d07s?2 Ref. 36
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Figure Captions

Figure 1

Figure 2

Figure 3

Tobin, LLNL

The structures of 6-Pu-like Puig and Puzg clusters are shown here. The
Pu79 cluster contains a Puig cluster as a “core” (showed as the dark
spheres). Pul is the central atom of the Puig cluster: twelve Pu2 and
six Pu3 atoms form its nearest neighbors and the next nearest
neighbors, respectively.

A comparison of the Density of States (DOS) for the central part of a
Us30216 cluster [14] with spectroscopic results from a bulk UO;
sample. [26-28] The Occupied Density of States (ODOS) is compared
to the data from X-ray Photoelectron Spectroscopy (XPS). The
Unoccupied Density of States (UDOS) is compared to the X-ray
Absorption Spectroscopy (XAS) and Bremstrahlung Isochromat
Spectroscopy (BIS) data. Partial and total DOS are provided. The
spectroscopic data are representative of experimental DOS estimates,
although skewed by cross-sectional effects. [26-28]

A comparison of the Density of States (DOS) for the central part of a
Pus30216 cluster [14] with spectroscopic results from a slightly
oxidized bulk Pu sample. [4, 19] The Occupied Density of States
(ODOS) is compared to the data from synchrotron-radiation-based
Photoelectron Spectroscopy (PES). Partial and total DOS are provided.
The spectroscopic data are representative of experimental DOS

estimates, although skewed by cross-sectional effects. By working at
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Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Tobin, LLNL

the Cooper Minimum, the non-5f features are emphasized. Please see
the text for detail.

Total and partial densities of states for the central atom Pul of a Puyg
cluster.

Total and partial densities of states for the central Pul atom in a Puyg
clusters.

Total and partial density of states for the nearest neighboring Pus, sites in
Puy cluster.

Spectroscopic results from a slightly oxidized bulk Pu sample are
shown here. [4, 19] The Occupied Density of States (ODOS) in Figures
4-6 can be compared to the data from synchrotron-radiation-based
Photoelectron Spectroscopy (PES). The spectroscopic data are
representative of experimental DOS estimates, although skewed by
cross-sectional effects. By working at the Cooper Minimum at hv =
225 eV, the non-5f features are emphasized. The Pu 5f is most
strongly emphasized on resonance at hv = 125 eV. At the anti-
resonance, hv = 100 eV, the Pu 6d is part of the remnant intensity at
the Fermi Edge. (Binding energy = 0 eV) Please see the text for detail.
Plot of PU 5f occupation from Tables 1 and 2 versus the cube root of
the number of Pu atoms. (3VN) For an atom with N = 1,3VN = 1; For a
dimer with N = 2, 3VN = 1.26; For Puys cluster with N = 19, 3N = 2.67;
For a Puyg cluster with N = 79, 3vN = 4.2. Also shown is the least

squares fitted line and the extrapolation to N = 125,3VN =5, N = 216,
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3/N=6and N = 343, 3y/N = 7, as well as the result from the bulk Pu
spectroscopic studies. [19]

Figure 9 X-ray absorption spectroscopy results for the 4d and 5d levels of
plutonium and uranium. The Uranium spectrum in the lower panel is from
the Stanford Synchrotron Radiation Laboratory. [19] All other
spectroscopic results in this article are from the Advanced Light Source in

Berkeley. [4,19, 26] See text for details.
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Figures

Figure 1
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Slightly Oxidized Pu at the Cooper Minimum,
emphasizing non-Pu5f features
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